Hydrogenated nanocrystalline silicon (nc-Si:H) shows great promise in the application of third-generation thin film photovoltaic cells. However, the mixed-phase structure of nc-Si:H leads to many defects existing in this important solar energy material. Here we present a new way to passivate nc-Si:H films by tuning the negative substrate bias in plasma-enhanced chemical vapor deposition. Microstructures of the nc-Si:H films prepared under a negative bias from 0 to −300 V have been characterized using Raman, x-ray diffraction, transmission electron microscope, and optical transmission techniques. A novel passivation effect on nc-Si:H films has been identified by the volume fraction of voids in nc-Si:H, together with the electrical properties obtained by electron spin resonance and effective minority lifetime measurements. The mechanism of the passivation effect has been demonstrated by infrared spectroscopy, which illustrates that the high-energy H atoms and ions accelerated by an appropriate bias of −180 V can form more hydrides along the grain boundaries and effectively prevent oxygen incursions forming further Si-O/Si interface dangling bonds in the nc-Si:H films. The detrimental influence of a bias over −180 V on the film quality due to the strong ion bombardment of species with excessively high energy has also been observed directly from the surface morphology by atomic force microscopy.
Introduction
The emergence of semiconductor nanocrystals as the building blocks of nanotechnology has opened up new ways to achieve next-generation solar cells. Hydrogenated nanocrystalline silicon (nc-Si:H) shows great promise in the application of thin film photovoltaic cells due to good features such as a tunable bandgap, strong optical absorption, high carrier mobility, and good stability against light soaking [1] [2] [3] [4] . A great deal of attention has been attracted towards the realization of high efficiency, good stability singlejunctions [5] and tandem [6, 7] third-generation nc-Si:H thin film solar cells, which are set to make a substantial contribution to the world's photovoltaic market. Recently, a triple-junction structured cell with an initial active-area efficiency of 16.3% [8] has been demonstrated by taking advantage of nc-Si:H material.
Thin films of nc-Si:H have been grown typically by methods such as plasma-enhanced chemical vapor deposition (PECVD) [9] , hot-wire chemical vapor deposition (HWCVD) [10] , and radio-frequency (RF) sputtering [11] . Among these methods, PECVD has been established for industrial applications due to its promise to deposit highquality films uniformly on large-area substrates at low temperature. However, this mixed-phase nc-Si:H material consists of nanometer grains embedded in an amorphous matrix [12] , which on the other hand determines that grain boundaries and nanometer-sized voids also exist in nc-Si:H films. These grain boundaries and voids take up a certain volume fraction and can induce some unwelcome defects within the nc-Si:H films. As we know, the formation of nc-Si:H thin films is normally a comprehensive reaction-diffusion process influenced by various factors during the PECVD growth. Previous experiments have shown that ions are important in creating a dense hydrogenated amorphous silicon (a-Si:H) network [13, 14] , and the ion energy plays a significant role in determining the transport properties in hydrogenated microcrystalline silicon (µc-Si:H) materials [15] . Hence, applying a direct current (DC) bias on the substrate offers a good way to alter the energy of the ions during the PECVD process, which can optimize the ion bombardment on the growing surface, resulting in device-quality material for the nc-Si:H films.
In this paper, we demonstrate a novel passivation effect on the nc-Si:H thin films by tuning the negative substrate bias in PECVD. We show that film properties such as the crystallinity, the contents of bonded hydrogen and oxygen, and the surface morphology can be effectively controlled by varying the negative bias that accelerates the predominantly positively charged species in the plasma. We discuss the mechanism of the passivation effect of the negative DC bias on the nc-Si:H films through the kinetics of ionic species during the deposition process.
Experimental details
The nc-Si:H thin films were grown on both glass and crystalline silicon (c-Si) substrates by a capacitively coupled PECVD system at various DC voltages (0 to −300 V), negatively biased to the stainless steel substrate holder. The PECVD system was operated at an RF of 13.56 MHz, an RF power density of 0.4 W cm −2 , a total gas (SiH 4 and H 2 ) flow rate of 120 sccm, a chamber pressure of 150 Pa, and a temperature of 250 • C, where the silane (SiH 4 ) content was kept constant at about 1%. The physical characteristics of the nc-Si:H samples are summarized in table 1.
The film thickness was directly measured with a Dektak 6M profilometer. The crystalline volume fraction X C was calculated from Raman spectra, measured with a Jobin Yvon LabRam HR800 UV micro-Raman spectrometer (backscattering configuration and Ar ion laser at 514.5 nm). The average grain size d was derived from the (111) x-ray diffraction (XRD) peak, measured with a Bruker D-8 XRD system (Cu Kα radiation, 40 kV and 60 mA), and directly observed by a high-resolution transmission electron microscope (HRTEM, CM200, Philips). The long-wavelength limit of the refractive index n ∞ was deduced from optical transmission spectra, measured with a Jobin Yvon 460 monochromator (400-900 nm spectral range of 0.5 nm resolution). The hydrogen (oxygen) content bonded to silicon C H (C O ) was obtained from infrared (IR) absorption spectra, measured with a Nicolet Nexus 870 Fourier transform IR (FTIR) spectrometer (400-4000 cm −1 ). The spin density N S , characterizing the defect density of the samples, was estimated from electron spin resonance (ESR) measurements, performed with a Bruker EMX-8 ESR spectrometer (X-band, 9.8 GHz and 1 mW). The effective minority carrier lifetime τ was measured using a Semilab PV-2000. The surface morphology of these nc-Si:H films was observed by means of an SII Nanonavi atomic force microscope (AFM). All the comparative data and spectra presented below are normalized by the thickness-such as the spin density, the contents of hydrogen and oxygen, and the FTIR spectra.
Results and discussion
For the structural investigation of the nc-Si:H thin films grown under various DC voltages, we carried out micro-Raman and XRD measurements. The typical sample DC50 was chosen to represent all the other samples prepared for investigation. In figure 1(a) , we show the Raman spectrum for sample DC50. The experimental Raman spectrum (open circles) can be decomposed into four Gaussian phonon bands (dashed curves) by the strain-incorporated three-dimensional phonon confinement model [16] , among which three result from the a-Si phase (longitudinal acoustic (LA) band centered at 300 cm −1 , the longitudinal optical (LO) band at 380 cm −1 , and the transverse optical (TO 1 ) band at 480 cm −1 ) and one from the c-Si phase (asymmetric transverse optical (TO 2 ) band at around 520 cm −1 ). The crystalline volume fraction X C was about 79.5% for sample DC50, as calculated from X C = I C /(I C + γ I A ) [17] , where I C (I A ) is the integrated intensity of the TO 2 (TO 1 ) Raman mode and γ is the ratio of the integrated Raman cross section for c-Si to a-Si (γ = 1 [18] ). In figure 1(b), we present the XRD pattern for sample DC50, in which three diffraction peaks appear at 2θ ∼ 29.0 • , 47.5 • , and 57.0 • , corresponding to the (111), (220), and (311) planes of c-Si, respectively. The intensity of the XRD peak for the (111) plane is strongest, indicating that the nanocrystallites have preferentially grown along the (111) direction. The average grain size d for the sample DC50 was calculated to be ∼5.8 nm with the Scherrer formula [19] , in good agreement with the directly observed value by HRTEM as shown in the inset of figure 1(b).
To obtain optical information on the nc-Si:H samples, we performed optical transmission measurements at room temperature. In figure 1(c), we display experimental (open circles) and fitted (solid curve) optical transmission spectra for sample DC50. From the fitting process within the framework of a modified four-layer-medium transmission model based on the envelope method [20] , we obtained both the film thickness (∼420 nm) and the long-wavelength limit of the refractive index (n ∞ ∼ 2.615). The former value is in good agreement with the directly measured value (∼425 nm) using a step profilometer, as listed in table 1. The latter is an important optical parameter associated with the mass density and atomic structure of nc-Si:H thin films, which together with the crystalline volume fraction X C from the Raman measurement can be used to calculate the volume fractions of three components (c-Si, a-Si, and voids) in the films [21] . Table 1 lists the structural and optical properties of the nc-Si:H thin films under various DC voltages. From the table, we notice that the crystalline volume fraction X C varies between 69.4 and 81.4%, and the average grain size d is between 4.6 and 7.2 nm under a negative DC bias from 0 to −300 V. Both d and X C generally decrease from DC0 to DC180, and then increase from DC180 to DC300. That is, the tendencies of d and X C are similar with the applied bias.
As a mixed-phase material with nanocrystallites embedded in an amorphous matrix, nc-Si:H contains a certain volume fraction of nanometer-sized voids, which should not be neglected when characterizing the microstructure of the films [22] . We have calculated the volume fraction of voids P V in these nc-Si:H thin films based on Bruggeman's effective media approximation [23] by using the crystalline fraction X C from the Raman analysis and the refractive index n ∞ from the transmission calculation. As shown in figure 2(a), P V first decreased when increasing the substrate bias to −180 V, reached its lowest value of around 25.0% between −150 and −180 V, and then gradually increased to 38.7% when further increasing the substrate bias to −300 V. It indicates that films deposited under a DC bias between −150 and −180 V have a better mass density than the films deposited under other voltages.
Aside from its effect on P V , the negative DC bias can also alter the defect density within the nc-Si:H films. Many dangling bonds reside on the surface of the voids within the nc-Si:H films. As also illustrated in figure 2(a) , the spin density from the ESR measurement, whose evolution tendency is similar to that of P V , reached its lowest value at −180 V. According to the ESR principle, the number of unpaired spins is positively proportional to the density of neutral dangling bonds. Therefore, the ESR results in figure 2(a) reveal that the defect density in nc-Si:H reached its lowest value in the film deposited at −180 V. This agreement of the thin film quality with the applied bias can be further supported by the direct measurement of the effective minority carrier lifetime τ shown in figure 2(b) , where the film with the lowest density of dangling bonds under −180 V has the highest minority carrier lifetime. Therefore, it can be identified that an appropriate negative DC bias has a passivation effect on the nc-Si:H films, and can help to deposit a good quality film with dense structure as well. We should notice that for the typical nc-Si:H films deposited by PECVD, an amorphous seed layer with a thickness less than about 20 nm will grow first on the substrate. The properties of PECVD deposited films with thicknesses of dozens of nanometers can change remarkably with changing thickness. However, the thicknesses ranging from about 500 to 700 nm in our samples are much greater than 20 nm, in which case the properties of the nc-Si:H films mainly depend on the deposition technology. As a result, the difference in the thicknesses from about 500 to 700 nm will not affect how the applied negative bias changes the properties of the samples.
During the deposition process, the kinetic energy of ionic species such as H ions and SiH x radicals can be greatly affected by the applied substrate bias, which can further result in changes of the film properties. Of these ionic species, H ions take up an overwhelming volume in the high H 2 dilution profiling, which can be accelerated by the negative DC bias towards the growing film. These accelerated H ions can affect the defect densities as well as the oxygen content in the films by incorporating with the dangling bonds inside the film to form certain types of hydrides with different bonding configurations, which is an important factor for the passivation effect of the DC bias. Therefore, to better understand the mechanism of the passivation effect, we have performed IR-transmission measurements, which can give detailed information about the H and O contents bonded to Si (C H and C O ), as well as the Si-H and Si-O bonding configurations of the films prepared under different DC voltages.
We show in figure 3 the IR absorption results of these nc-Si:H thin films. Each spectrum exhibits four absorption peaks, including three Si-H peaks in the rocking-wagging, bending, and stretching modes centered around 630, 880, and 2090 cm −1 , respectively [24, 25] , and one Si-O peak in the stretching mode centered at 1000-1200 cm −1 [26, 27] . It is found that the hydrogen absorption centered at 630 cm −1 , used to obtain the bonded-hydrogen content [24, 28] , increased gradually with the substrate bias from 0 to −300 V, while the oxygen absorption centered at 1000-1200 cm −1 decreased in the meantime. The observation of the Si-O peak indicates the incorporation of oxygen in the samples. The bonded-hydrogen content C H has been calculated by numerical integration from the absorption peak of the Si-H wagging mode at around 630 cm −1 in figure 3 using the formula C H = 1/N Si × A W × (α(ν)/ν)dν, where α (ν) is the absorption coefficient, ν the wavenumber, N Si = 5 × 10 22 cm −3 the atomic density of the c-Si, and A W = 2.1 × 10 19 cm −2 the proportionality constant [29] . Meanwhile, the bonded oxygen content C O can be similarly obtained From the yielded C H and C O listed in table 1, it is clear that there is inverse correlation between C H and C O in these nc-Si:H films. Although similar behavior was found by other groups [30, 31] , no further investigations have been carried out with a convincing explanation about this inverse correlation. The oxygen incursions caused by post-deposition oxidation of the grain boundary can result in an increase of dangling bonds in the nc-Si:H films [32] , probably in the formation of the Si-O/Si interface dangling bonds (P b center defects) [33] . On the other hand, hydrogen makes a positive contribution to prevent the unwelcome oxygen incursions by saturating dangling bonds along the grain boundaries of the nc-Si:H films. This fraction of hydrogen along the grain boundaries can form hydrides with a certain type of bonding configuration, as shown in figure 4(a) .
As mentioned in figure 3 , the absorption peak at around 2090 cm −1 stands for the stretching mode of Si-H, whose frequency position depends on the unscreened eigenfrequency of the hydride, bulk screening, local hydride density, and possible mutual dipole interactions in the hydrogen incorporation configuration [34] . We have identified in figure 4(a) the five different bonding configurations of hydrides by the fine structures of the stretching mode peak: the low stretching mode (LSM) at 1980-2010 cm −1 , the middle stretching mode (MSM) at ∼2033 cm −1 , the high stretching mode (HSM) at 2070-2100 cm −1 , the extreme high stretching mode (EHSM) at 2140-2150 cm −1 , and the oxygen-related stretching mode (O x Si-H y SM) at ∼2250 cm −1 . The physical origin and interpretation of these modes have been the subjects of many investigations. The LSM and HSM originate from the a-Si:H tissue of the nc-Si:H thin films, where the monohydrides in vacancies contribute dominantly to the LSM, while both the monohydrides and the dihydrides on void surfaces contribute significantly to the HSM [35] . Reports claimed that the distinction between the LSM and the HSM can be attributed to the hydride type and the bulk environment in which it resides [24, 35, 36] . The additional MSM existing only in nc-Si:H rather than a-Si:H [37] [38] [39] [40] is due to the vibration of hydrides in a platelet-like configuration at the amorphous-crystalline interfaces, i.e., the grain boundaries [40] [41] [42] . The EHSM is related to the trihydrides of the films deposited under high hydrogen dilution conditions [41] . The mode of the O x Si-H y SM corresponds to the hydride O x Si-H y vibration with oxygen atoms back-bonded to the silicon atoms [43] , which together with the Si-O stretching mode at 1000-1200 cm −1 , can reflect the bulk oxidation of the film.
Among the five bonding configurations of hydrides, the MSM and HSM are the two main modes that can determine the mechanism of the passivation effect. The former mode corresponds to the bonding configuration of the hydrides in the grain boundaries, which can effectively passivate the nc-Si:H films by preventing oxygen incursions from inducing an increase of dangling bonds (P b center defects) [33] . The latter one is related to the bonding configuration of the hydrides on the void surfaces, which can reflect the density of the nc-Si:H films. In figure 4(b) , we have illustrated the integrated intensities of the MSM and HSM for all the samples DC0-DC300, indicating the changes of hydrogen-bonding configurations in the grain boundaries and on the void surfaces, respectively. It is clear that the integrated intensity of the MSM increased with the bias from 0 to −180 V, and generally remained unchanged at high values when further increasing the bias from −180 to −300 V. This observation indicates that H atoms and ions in the plasma have been accelerated by the increased bias to diffuse into the growing film with a higher kinetic energy and passivate more dangling bonds, which results in the formation of more hydrides along the grain boundaries. In contrast, the evolution of the HSM integrated intensity shows a slight decrease from 0 to −180 V, and then gradually increased with the bias from −180 to −300 V. This phenomenon has suggested that the film deposited under the bias of −180 V has a compact structure with the lowest void fraction, which agrees well with the results of P V in figure 2(a) .
Based on the above investigation, we can hereby draw a clear physical picture for the mechanism of the passivation effect of the negative DC bias in the deposition of nc-Si:H thin films. In the low range of negative substrate bias, ions were accelerated to an increasing kinetic energy as the bias increased gradually from 0 to −180 V. Those accelerated ions transferred more energy to the growth surface and thus enhanced the diffusion length of the SiH x (x = 0-3, mainly for x = 3) precursors. After these precursors preferentially attached to the energetic favorable growing sites, an atomically more ordered film structure with a lower void fraction was formed, resulting in a decrease of P V from 0 to −180 V as presented in figure 2(a). Furthermore, higher energy H atoms and ions led to deeper H penetration into the growing film and the formation of more hydrides along the grain boundaries, as illustrated by the evolution of the integrated intensity of the MSM in figure 4(b) . Consequently, this process effectively passivated the dangling bonds along the grain boundaries, and thus lowered the defect density of the films by preventing the probability of the post-deposition oxidation of the films forming further Si-O/Si interface dangling bonds (P b centered). This is also in agreement with the decreased evolution of C O shown in figure 4(c) from 0 to −180 V. While further increasing the substrate bias from −180 gradually to −300 V, the strong ion bombardment of species with excessively high kinetic energy has become detrimental for the growing film. The evolution of C O shown in figure 4(c) remained almost unchanged at low values from −180 to −300 V. However, the defect density increased in this bias range, as illustrated in figure 2(a) , which is due to the remarkably degraded surface morphology of the films. In this condition, the H species were accelerated to a much greater magnitude than other radicals in the plasma, and therefore the involvement of heavy SiH x radicals in the plasma can be neglected. H atoms and ions on the growing surface with excessively high kinetic energies enhanced the H-abstraction reaction, which reduced the surface diffusion length of film precursors [44, 45] . This has led to not only an increase in the volume fraction of voids P V within the film [46] (see figure 2(a) ), but also a degraded surface morphology as shown in figure 5 .
Noticeably, there is a significant difference in the changes of the surface morphology in figure 5 between the bias range from 0 to −180 V and the range from −180 to −300 V. The evolution of the root-mean-square (RMS) used for the characterization of the mean surface roughness is plotted in figure 4(c) , showing that the RMS increased much faster in the bias range −180 to −300 V compared with the range 0 to −180 V. The dramatic morphology change can be explained in terms of the surface diffusion length of the film precursors (SiH x ). H atoms and ions with high kinetic energies on the growing surface enhanced the H-abstraction reaction, leading to a reduction in the surface diffusion length of SiH x [44, 45] . Thus, the film precursors tended to pile up instead of reaching their favorable growing sites and formed a degraded morphology on the growing surface with higher RMS when increasing the substrate bias, especially in the range from −180 to −300 V.
Considering the high integrated intensity of the MSM and the almost unchanged C O at low values in the −180 to −300 V bias range, the H atoms and ions could still permeate deep into the growing film and passivate the films by saturating most of the dangling bonds along the grain boundaries, effectively preventing oxygen incursions from forming Si-O/Si interface dangling bonds (P b centered). However, more dangling bonds were formed on the degraded surfaces. The enhancement of the H-abstraction reaction removed a fraction of passivating H on the surface and created excess surface unpassivated dangling bonds, which together with the degraded surface morphology dominates the increase of the defect density in this high bias range. Apparently, further increasing the substrate bias over −180 V becomes detrimental to the quality of the growing films.
Conclusion
In summary, a novel passivation effect has been demonstrated in the important solar energy material of nc-Si:H thin films by tuning the negative substrate bias from 0 to −300 V in PECVD. We have employed Raman, XRD, TEM, and optical transmission techniques for the microstructure characterization of nc-Si:H thin films. The good agreement among the volume fraction of voids, the spin density, and the effective minority lifetime has evidenced that the nc-Si:H film deposited under −180 V has good quality with the most compact structure containing the lowest defect density. From detailed information on the bonding configurations in the IR absorption spectroscopy, a full explanation has been provided for the mechanism of the passivation effect. The accelerated H atoms and ions with moderate energy under −180 V can form more hydrides along the grain boundaries, effectively passivating the dangling bonds and preventing the oxygen incursions from forming further Si-O/Si interface dangling bonds. The excessively high energies of ions accelerated by bias values over −180 V become detrimental to the quality of the growing films due to the strong ion bombardment effect, as also revealed from the AFM observation of the film surface morphology. The present work opens a new way for the deposition of device-quality nc-Si:H films suitable for application in third-generation thin film photovoltaic cells.
